The human brm (hbrm) protein (homologue of the Drosophila melanogaster brahma and Saccharomyces cervisiae SNF-2 proteins) is part of a polypeptide complex believed to regulate chromatin conformation. We have shown that the hbrm protein is cleaved in NB4 leukemic cells after induction of apoptosis by UV-irradiation, DNA damaging agents, or staurosporine. Because hbrm is found only in the nucleus, we have investigated the nature of the proteases that may regulate the degradation of this protein during apoptosis. In an in vitro assay, the hbrm protein could not be cleaved by caspase-3, -7, or -6, the ''effector'' caspases generally believed to carry out the cleavage of nuclear protein substrates. In contrast, we find that cathepsin G, a granule enzyme found in NB4 cells, cleaves hbrm in a pattern similar to that observed in vivo during apoptosis. In addition, a peptide inhibitor of cathepsin G blocks hbrm cleavage during apoptosis but does not block activation of caspases or cleavage of the nuclear protein polyADP ribose polymerase (PARP). Although localized in granules and in the Golgi complex in untreated cells, cathepsin G becomes diffusely distributed during apoptosis. Cleavage by cathepsin G removes a 20-kDa fragment containing a bromodomain from the carboxyl terminus of hbrm. This cleavage disrupts the association between hbrm and the nuclear matrix; the 160-kDa hbrm cleavage fragment is less tightly associated with the nuclear matrix than full-length hbrm.
T
he human brm (hbrm) and BRG-1 (brm-related gene 1) proteins are homologs of the Drosophila melanogaster brahma and Saccharomyces cervisiae SNF proteins (1) (2) (3) (4) (5) (6) (7) (8) (9) . The brahma and SNF proteins have been shown to regulate the transcription of genes necessary for development, including the Drosophilia genes bicoid and fushi-tarazu (2, 5) . Brahma and SNF are components of a large protein complex believed to alter the structure of chromatin, allowing other transcription factors to gain access to promoter DNA (6) . Recent work (10) has demonstrated that the hbrm complex can form a repressive complex with the retinoblastoma (Rb) protein alone or with the Rb protein and histone deacetylase. These repressor complexes arrest cells in the G 1 phase of the cell cycle and inhibit the transcription of the genes encoding cyclin A and cyclin E. BRG-1 can associate with cyclin E and alters the ability of this protein to induce growth arrest (11) . Therefore, the brm and BRG-1 protein complexes play a significant role in regulating DNA structure, transcriptional activation and repression, and the cell cycle.
To study the possible role of the hbrm protein in differentiation of hematopoietic cells, we initially examined the levels of hbrm during the differentiation of NB4 cells. NB4 cells are leukemic precursor cells that will differentiate into monocytes when treated with phorbol esters or into neutrophils when treated with all-trans retinoic acid (12) . Differentiation of NB4 cells induced by treatment with 1 nM phorbol ester had no effect on the level of hbrm. However, treatment with 1 M phorbol ester, which induces differentiation and apoptosis, led to marked decreases in hbrm. Because of this result, we checked other inducers of apoptosis and determined that induction of apoptosis in NB4 cells by UV-irradiation or chemotherapeutic agents led to cleavage and degradation of hbrm.
Based on this observation, we have attempted to discern whether hbrm is cleaved by the caspases known to cleave other nuclear proteins during apoptosis (caspase-3, -6, and -7). However, none of these caspases were able to cleave hbrm in vitro. We find instead that cathepsin G, which is found in granules (specialized lysosomes produced during neutrophil differentiation) in NB4 leukemic cells, is capable of cleaving hbrm. Immunofluorescence demonstrates that the induction of apoptosis in NB-4 cells causes the release of cathepsin G from granules to the nucleus where hbrm is cleaved.
Because cells from hbrm knockout mice undergo UV radiationinduced apoptosis more readily than cells from normal mice (12) , this would suggest that the presence of brm could provide some degree of resistance to UV radiation-induced apoptosis. Cells that have the machinery to degrade brm might, therefore, be more sensitive to UV radiation-induced apoptosis. This suggestion agrees with the observation that NB4 cells undergo rapid UV-induced apoptosis when compared to other epithelial or fibroblast cells.
Materials and Methods
Cell Culture. NB4 cells and COS-7 cells were grown in RPMI medium supplemented with 10% bovine calf serum at 37°C in 4.9% CO 2. HeLa cells were grown in DMEM supplemented with 10% bovine calf serum. HeLa-S3 cells were grown in Joklik's MEM (Sigma) plus 10% bovine calf serum. COS-7 cells were transfected with cathepsin G expression plasmid by using the Lipofectamine-Plus protocol (Life Technologies). Cathepsin G expression plasmids have been described previously (13) . NB4 cells were irradiated with 100 J͞m 2 UV in a minimal volume of PBS and then placed back in media plus bovine calf serum for various times. For whole-cell lysates, cells were harvested, washed with PBS, then lysed, and used for Western blots as previously described (14) . NB4 cytosol and nuclei were prepared by rapid detergent lysis as described (15) . HeLa nuclei were prepared as described previously (16.) . Nuclei were then resuspended in homogenization buffer for incubation with cytosol or with purified caspases, or cathepsins. Purified active caspases were purchased from PharMingen; and cathepsins were purchased from Oncogene. For preparation of detergent free cytosols, cells were homogenized as described above for HeLa nuclei and then nuclei removed by centrifugation for 3 min at 3, 000 ϫ g. The remaining supernatant was designated cell cytosol. Ni-nitrilotriacetic acid agarose was purchased from Qiagen, and 6-His ubiquitin-tagged proteins were purified as suggested by the manufacturer's protocols.
Western Blots. Antibodies to the amino terminus of hbrm have been described (12) . Antibodies to polyADP ribose polymerase (PARP) were purchased from Upstate Biotechnology (Lake Placid, NY), antibodies to DNA-dependent kinase p350 were purchased from PharMingen, and antibodies to NuMA (nuclear mitotic apparatus) protein were purchased from Calbiochem. Western blots were performed as described (14) .
Staining NB4 Cells for Cathepsin G. NB4 cells were incubated for 2 h in 50 M LysoTracker (Molecular Probes, Eugene, OR), suspended in PBS containing 1% BSA, and then spun onto a microscope slide in a cytocentrifuge. Cells were then fixed, stained with anti-cathepsin G antibodies, and mounted in 4Ј,6-diamidino-2-phenylindole (DAPI)-containing medium (Vector Laboratories) as previously described for K562 cells (17) .
Results and Discussion
Treatment of NB-4 cells with UV-irradiation causes hbrm and PARP cleavage (Fig. 1A) and DNA fragmentation (data not shown). PARP is a known substrate of apoptotic caspases (18) . The 180-kDa hbrm protein is cleaved into a smaller 160-kDa product at a rate almost identical to that of PARP cleavage. Treatment of NB4 cells with DNA damaging agents (etoposide or camptothecin) or staurosporine also induced apoptosis and cleavage of hbrm to the 160-kDa fragment (Fig. 1B) . Anti-hbrm antibodies raised against the amino terminus of hbrm are able to detect the 160-kDa hbrm fragment ( Fig. 1) , whereas anti-hbrm antibodies raised against the carboxyl terminus of hbrm will not recognize this 160-kDa fragment (data not shown). These results indicate that the carboxyl terminus of hbrm has been removed by the apoptotic cleavage.
It is generally believed that nuclear apoptotic substrates like hbrm are cleaved by ''effector'' caspases, such as caspase-3 or caspase-7, which are activated in the final steps of apoptosis and enter the nuclei to cleave protein substrates. To determine whether caspase-3 or caspase-7 was able to cleave the hbrm protein, isolated HeLa nuclei were incubated with either active purified caspase-3 or caspase-7. The nuclei were then repelleted and used to make nuclear protein extracts. The nuclear extracts were used for Western blots with antibodies to three proteins known to be cleaved in vivo during apoptosis: PARP, DNAdependent kinase (DNA-PK) 350-kDa subunit, and the NuMA protein, as well as for hbrm Westerns. Although caspase-7 cuts PARP and DNA-PK p350 more rapidly than caspase-3, both caspase-3 and caspase-7 cut all three nuclear apoptotic substrates ( Fig. 2A) . However, the hbrm protein was not cleaved by either caspase-3 or caspase-7 (or caspase-6, unpublished data). Although this is an in vitro system, this suggests that hbrm is cleaved by another protease, which is either capable of entering the nucleus during apoptosis, or is found in the nucleus.
Because the hbrm protein is cleaved during apoptosis in NB4 cells, but is not cleaved by the usual effector caspases, it seemed possible that hbrm was cleaved by a protease specific to NB4 cells. To test this hypothesis, HeLa nuclei were incubated with detergent-free cytosol from untreated NB4 cells or HeLa cells. Fig. 2B shows that only the NB4 cytosol contained an activity that cleaved the hbrm protein. Proteases other than caspases have been implicated in the execution of apoptosis in NB4 cells or neutrophils, including cathepsins (19, 20) , although cathepsins have not previously been shown to cleave nuclear substrates. To see whether neutrophil proteases had any effect on hbrm (A) HeLa cell nuclei were prepared and resuspended in 100 l of homogenization buffer as described in Materials and Methods. Then 100 ng of purified, active caspase-3 or caspase-7 was added to each 100-l sample, and the samples were incubated at 30°C for the times indicated above the lanes. Control samples were incubated 2 h at 30°C without added caspase. Immediately after incubation, nuclei were repelleted and then lysed in a small volume of Nonidet P-40 lysis buffer for 30 min at 4°C. The Nonidet P-40 lysates were cleared of DNA by spinning 10 min at 10,000 ϫ g and then used for Western blotting. (B) HeLa nuclei were incubated at 30°C for 2 h in buffer, HeLa cytosol, or NB4 cytosol, as indicated above the lanes. (C) Nuclei were incubated with buffer, purified cathepsin G, cathepsin D, or elastin as indicated.
cleavage, HeLa nuclei were incubated with purified cathepsin D, cathepsin G, or elastin. Only cathepsin G was able to cleave hbrm (Fig. 2C) ; cathepsin G almost completely reduced the hbrm protein to a 160-kDa fragment, very similar in size to that produced by NB4 cytosol and observed in vivo during apoptosis. To verify that cathepsin G was present in the NB4 cytosol and was responsible for hbrm cleavage, NB4 cytosol was depleted of cathepsin G by repeated immunoprecipitation; the resulting depleted cytosol was much less active on hbrm when incubated with HeLa nuclei (unpublished data).
To determine whether cathepsin G was necessary for hbrm cleavage in vivo, NB4 cells were pretreated with either the specific cathepsin G inhibitor CK-08 (carbobenzoxy-glycylleucyl-phenylalanyl-chloromethyl ketone) or the more general serine protease inhibitor l-1-tosylamido-2-phenylethyl chloromethyl ketone. The cells were then UV-irradiated, and incubated a further 4 h. Cell sample lysates were then analyzed by Western blot (Fig. 3) . As shown at the top of Fig. 3 , the cathepsin G inhibitor CK-08 almost completely blocked hbrm cleavage in response to U V irradiation, whereas l-1-tosylamido-2-phenylethyl chloromethyl ketone had little effect. It is also clear that CK-08 does not act by blocking some upstream step of the apoptotic response, such as caspase activation. As shown in the lower part of Fig. 3 , CK-08 not only fails to block caspase activation in response to UV-irradiation, but CK-08 itself, in contrast to l-1-tosylamido-2-phenylethyl chloromethyl ketone, is a powerful activator of caspases. Caspase-9, caspase-3 (Fig. 4) , and caspase-7 (not shown) are all cleaved and activated in cells treated with CK-08 alone or with CK-08 followed by UV irradiation. The PARP protein is also cleaved from 112 kDa to 85 kDa in cells treated with CK-08, showing that activated caspases enter the nucleus in these cells (Fig. 3) . These results indicate that CK-08 must either directly block cathepsin G cleavage of hbrm, or block some alternate apoptotic pathway that is dependent on cathepsin G activity and does not involve caspases. In view of the fact that purified cathepsin G does cleave hbrm in vitro in a manner similar to that observed in vivo, the former possibility seems more likely.
To confirm that expression of cathepsin G affects hbrm cleavage in vivo, hbrm cleavage was examined in murine myeloid 32D cell lines (21) stably transfected with either empty vector or vector expressing human cathepsin G (Fig. 4A) . The 32D cells, like other IL-3-dependent cells, will not undergo complete apoptosis unless starved for IL-3 (22) ; in the presence of IL-3, 32D cells subjected to UV-irradiation will enter the early stages of apoptosis, then recover. Fig. 4B shows endogenous mouse brm levels in 32D cells after UV-irradiation but without IL-3 starvation. The 32D cells transfected with human cathepsin G clearly have lower levels of full-length endogenous brm (180 kDa) and higher levels of brm cleavage product (160 kDa); this is apparent under all conditions.
If cathepsin G actually cleaves hbrm in vivo, it must be released from the granules and have access to nuclear proteins. To observe the subcellular distribution of cathepsin G in NB4 cells, the cells were spun onto slides, then costained by using anticathepsin G antibodies and LysoTracker (LysoTracker is a florescent cell-permeable peptide that accumulates selectively in acidic organelles such as lysosomes). As shown in Fig. 5A , the anti-cathepsin G antibodies stain specific structures in the NB4 cells very intensely. The cap-like structure, which is stained by the anti-cathepsin G antibodies but not by LysoTracker, is probably the golgi apparatus. The smaller circular areas are almost certainly granules because LysoTracker peptide also accumulates in them (see Fig. 5A ). As demonstrated by the DAPI staining, NB4 cells contain very large nuclei and a relatively small volume of cytoplasm. As a control, HeLa-S3 cells, which grow in suspension and are similar in size and shape to NB4 cells, were also stained with the anti-cathepsin G antibodies. As seen in Fig. 5B , almost no staining of HeLa-S3 cells by anti-cathepsin G antibodies is observed. To determine whether cathepsin G undergoes any change in subcellular loca- tion during apoptosis, NB4 cells were UV-irradiated. After 1 h LysoTracker was added to the irradiated cells; after one additional hour the cells were spun onto slides and fixed. The cells were stained by using the anti-cathepsin G antibodies, then mounted with media containing DAPI. Apoptotic cells were identified by their irregular shape and condensed chromatin. As demonstrated by the clumped DAPI staining, Fig. 5C shows two apoptotic NB4 cells. In comparison to Fig. 5A , the pattern of both cathepsin G and LysoTracker staining is clearly different, becoming more diffuse and associated with the nucleus. This change in subcellular distribution 2 h after irradiation supports the idea that granule structure is disrupted during apoptosis, and granule proteins, such as cathepsin G, can move into the nucleus and cleave nuclear proteins.
Although cathepsin G appears to be involved in hbrm cleavage in NB4 cells, cathepsin G is normally expressed only in certain myeloid cells (neutrophils, macrophages, mast cells, and their precursors). This raises the question of changes in hbrm levels observed in other cell types. Fig. 6 presents evidence that hbrm can be degraded by proteasome activity. The specific proteasome inhibitor lactacystin causes an increase in hbrm protein levels in both NB4 and COS-7 cells (Fig. 6A) , suggesting a basal rate of hbrm ubiquitination and degradation exists in both cell types. To verify that hbrm is ubiquinated, COS-7 cells were cotransfected with plasmids expressing HA-tagged hbrm and 6-His-tagged ubiquitin. Lysates from the transfected cells were then incubated with Ni-nitrilotriacetic acid agarose, and bound proteins eluted and used for Western blot analysis with anti-HA antibodies. Hbrm bound to the Ni-nitriloacetic acid agarose but only when the HA-tagged hbrm plasmid was cotransfected with the 6-His-ubiquitin plasmid (Fig. 6B) . The results described (A) NB4 cells were incubated for 1 h at 37°C in media containing 50 M LysoTracker peptide and then spun onto slides by using a cytocentrifuge. After fixation in neutral-buffered formalin followed by washing, the cells were incubated first with anti-cathepsin G antibodies and then with FITC-labeled secondary antibodies. Cells were prepared for viewing under the microscope by adding mounting media containing DAPI and coverslips. Photographs show DAPI plus cathepsin G staining, DAPI plus LysoTracker, DAPI alone, cathepsin G alone, or LysoTracker alone, as indicated. (B) HeLa-S3 cells were prepared as in A but were not incubated with LysoTracker. (C) NB4 cells were UV-irradiated as described in Materials and Methods; 1 h after irradiation, 50 M LysoTracker was added to the cell media. After an additional hour of incubation, cells were spun onto a glass slide. After fixing and staining with anti-cathepsin G antibodies, cells were mounted by using DAPI-containing medium. Cell shape and chromatin condensation was used to distinguish apoptotic from nonapoptotic cells. above suggest that hbrm degradation in cells without cathepsin G, and perhaps the hbrm degradation in NB4 cells that occurs after cleavage by cathepsin G, is mediated by the proteasome. The level of hbrm ubiquitinylation does not appear to increase after UV-irradiation (our unpublished data); however, this does not necessarily indicate that the ubiqutin pathway is unimportant in hbrm degradation. Other groups (24, 25) have proposed proteasome-mediated apoptotic degradation but have not shown detectable increases in ubiquiated substrate during apoptosis. It is possible that apoptosis results in increased activity of both ubiquinating enzymes and proteasome proteases, causing more rapid protein degradation without detectable increases in ubiquinated protein.
Because both cathepsin G and the proteasome appear to be involved in hbrm cleavage in NB4 cells, the question of what role each plays in the in vivo degradation of cathepsin G arises. The region of the carboxyl terminus removed by cathepsin G cleavage contains a bromodomain (Fig. 7A) , which is believed to mediate protein-protein interaction (9) . This suggests that hbrm cleavage may disrupt normal interactions between hbrm and other nuclear proteins. To determine whether cathepsin G cleavage affects the association of the hbrm protein with nuclear structures, subcellular fractionation experiments were used to examine the degree to which full-length hbrm as opposed to the 160-kDa hbrm fragment was able to remain associated with the nucleus. NB4 cells were irradiated with UV, and then at various times afterward they were fractionated into cytosol and nuclei by rapid detergent lysis as described in Materials and Methods (Fig.  7B) . In contrast to full-length 180-kDa hbrm, where the majority of protein remained tightly associated with the nucleus, all detectable 160-kDa hbrm fragment was found in the cytosol (Fig. 7B) . This is in contrast to the PARP 85-kDa apoptotic cleavage fragment, which remains in the nucleus. These results clearly indicate that cleavage of Ϸ20 kDa from the carboxyl terminus of hbrm results in the disruption of an interaction between hbrm and some other nuclear protein, leading to loss of tight association with the nucleus. It also may result in increased accessibility to the proteasome, facilitating further apoptotic degradation. It is reasonable to suggest that hbrm must be associated with other nuclear proteins in the chromatin to perform its normal function, and this model is supported by studies of BRG-1 association with chromatin (15) . The BRG-1 protein is highly homologous to hbrm, and when lymphocytes are stimulated by using either ionomycin or phorbol 12-myristate 13-acetate, BRG-1 becomes more tightly associated with the chromatin.
In summary, NB4 cells respond to both UV irradiation and staurosporine treatment with rapid cleavage of the carboxylterminal 20 kDa of the hbrm protein containing a bromodomain, resulting in the loss of tight association with nuclear structures. Unlike most nuclear apoptotic substrates, hbrm is not cleaved by caspase-3, -6, or -7. The serine protease cathepsin G cleaves hbrm in vitro, and an inhibitor of cathepsin G, but not other serine protease inhibitors, can block UV-induced cleavage of hbrm in vivo. Induced over-expression of human cathepsin G in murine 32D cells enhances the level of hbrm cleavage observed after UV-irradiation. These results suggest that hbrm is cleaved in NB4 cells by cathepsin G released from cell granules during apoptosis. We have also observed that cathepsin G will cleave the PARP, NuMA, and DNA-PK p350 proteins in vitro (unpublished data). However, unlike the results observed with hbrm, the digestion pattern is dissimilar to that observed in vivo. The in vivo digestion pattern of these proteins resembles instead that generated in vitro by caspases. In addition, in vivo cleavage of PARP is not blocked by the cathepsin G inhibitor CK-08 (Fig.  3) . For these reasons, we believe the nuclear apoptotic substrates PARP, NuMA, and DNA-PK p350, in contrast to hbrm, are cleaved in vivo by caspase-3 or -7.
The above discussion suggests that certain hematopoietic cells, such as neutrophils, may possess a unique method for the rapid inactivation of the hbrm protein in response to DNA damage caused by UV radiation or other agents. Possession of such a mechanism might make cells prone to rapid apoptosis after incurring DNA damage; cells from mice lacking the hbrm gene do in fact undergo a greater degree of apoptosis after UVirradiation (17) . In addition, the protein complex containing hbrm has been shown to form part of a repressor complex which inhibits transcription of the genes for cyclins E and A, thereby inducing growth arrest in the G 1 phase of the cell cycle (9) . In myeloid stem cells or leukemic cells, inactivation of hbrm might affect the activity of this repressor complex, thereby preventing growth-arrest in response to DNA damage. This in turn might ensure that cells containing DNA damage would undergo apoptosis rather than growth arrest. 
